Cortical surface area is an increasingly popular brain morphology metric that is ontogenetically and phylogenetically distinct from cortical thickness and offers a separate index of neurodevelopment and disease. However, the various existing methods for assessment of cortical surface area from magnetic resonance images have never been systematically compared. We show that the surface area method implemented in FreeSurfer corresponds closely to the exact, but computationally more demanding, mass-conservative (pycnophylactic) method, provided images are smoothed. Thus, the data produced by this method can be interpreted as estimates of cortical surface area, as opposed to areal expansion. In addition, focusing on the joint analysis of thickness and area, we compare an improved, analytic method for measuring cortical volume to a permutation based non-parametric combination (NPC) method. We analyze area, thickness and volume in young adults born preterm with very low birth weight, using both methods and
Overview of the four different methods to interpolate surface area and areal quantities. A detailed description is in the Materials and Methods section.
Method Description

Nearestneighbour
Nearest-neighbour interpolation of areal quantities on the sphere, followed by Jacobian correction.
Retessellation
Barycentric interpolation on the sphere of the native vertex coordinates.
Redistributive Vertexwise redistribution of areal quantities based on barycentric coordinates of the source in relation to the target.
Pycnophylactic
Mass-conservative facewise interpolation method that uses the overlapping areas between faces of source and target.
FreeSurfer (fs) software package. Another approach is the retessellation of the mesh of each subject to the geometry of a common grid, as proposed by Saad et al. ( ) as a way to produce meshes with similar geometry across subjects. Even though the method has been mostly used to compute areal expansion, it can be used for surface area itself, as well as for other areal quantities. A third approach is the use of the barycentric coordinates of each vertex with reference to the vertices of the common grid to redistribute the areal quantities, in an approximately mass conservative process. Lastly, a strategy for analysis of areal quantities using a pycnophylactic (mass-preserving) interpolation method, which addresses the above concerns, but that is computationally intensive, was presented in Winkler et al. ( ) (Table ) .
Few studies of cortical surface area have offered insight into the procedures adopted. Sometimes the methods were described in terms of areal expansion/contraction, as opposed to surface area itself. Furthermore, different definitions of areal expansion/contraction have been used, e.g., relative
to the contra-lateral hemisphere (Lyttelton et al., ) , to some earlier point in time (Hill et al., ) , to a control group (Palaniyappan et al., ) , or in relation to a standard brain, possibly the default brain (average or atlas) used in the respective software package (Joyner et al., ; Rimol , a,b) . Some of the studies that used a default brain as reference did use nearest neighbor interpolation followed by smoothing, which, as we show below, assesses cortical area itself but described the measurements in terms of areal expansion (Joyner et al., ; Rimol et al., a, ) . Of course, measurements of areal expansion/contraction in relation to a given reference can be obtained once interpolation has been performed using the methods described here. It suffices to divide the area per face (or per vertex) by the area of the corresponding face (or vertex) in the reference brain.
. . Measuring volume and other areal quantities
The volume of cortical grey matter is also an areal quantity, which therefore requires mass-conservative interpolation methods. Volume can be estimated through the use of voxelwise partial volume effects using volumebased representations of the brain, such as in vbm, or from a surface representation, in which it can be measured as the amount of tissue present between the surface placed at the site of the pia mater, and the surface at the interface between gray and white matter. If the area of either of these surfaces is known, or if the area of a mid-surface, i.e., the surface running half-distance between pial and white surfaces (van Essen, ) is known, an estimate of the volume can be obtained by multiplying, at each vertex, area by thickness. This procedure, while providing a reasonable approximation that improves over voxel-based measurements, since it is less susceptible to various artefacts (for a discussion of artefacts in vbm, see Ashburner, ), is still problematic as it underestimates the volume of tissue that is external to the convexity of the surface, and overestimates volume that is internal to it; both cases are undesirable, and cannot be solved by merely resorting to Figure : (a) In the surface representation, the cortex is limited internally by the white and externally by the pial surface. (b) and (c) These two surfaces have matching vertices that can be used to delineate an oblique truncated triangular pyramid. (d) The six vertices of this pyramid can be used to define three tetrahedra, the volumes of which are computed analytically.
Quantitative measurements, such as from positron emission tomography (pet), cerebral blood flow, cerebral blood volume, the mass, or number of molecules of a given compound (Leahy and Qi, ; van den Hoff, ) , are all areal quantities whenever these are expressed in absolute quantities. 
. Method
The general workflow for surface-based morphometry consists of the generation of a surface-representation of the cortex and its subsequent homeomorphic transformation into a sphere. Vertices of this sphere are shifted tangentially along its surface to allow alignment matching a particular feature of interest of a reference brain (i.e., an atlas), such as sulcal depth, myelin content, or functional markers. Once registration has been done, interpolation to a common grid is performed; it is at the resolution of this grid that analyses across subjects are performed. While the order of these processing stages remains generally fixed, the stage in which areal quantities are calculated or obtained varies according to the method: for the nearest neighbour, redistributive, and pycnophylactic methods, these are computed in the native space, using native geometry. With the retessellation method, area is computed in native space, with a new geometry produced after interpolation of the surface coordinates to the common grid. An overview of the whole process is in Figure ; see (iii) whether the two ways of measuring volume (the product method and the analytic method) differ from each other; (iv) and finally, we demonstrate some of the benefits of npc over cortical volume when investigating group differences between vlbw and controls. We note that items (i)- (iii) depend only on algorithmic and geometric differences between the methods, not interacting with particular features of this sample, such that the results of these items are generalisable.
. . Subjects
In the period -, vlbw preterm newborns with very low birth weight; g) were admitted to the Neonatal Intensive Care Unit at the St. Olav University Hospital in Trondheim, Norway. At age , a total of vlbw subjects consented to participate and had usable mri data. The term-born controls were born at the same hospital in the same period. A random sample of women with parities or was selected for follow-up Figure : An overview of the steps for the analysis of surface area using different methods. The subject magnetic resonance images are used to reconstruct a pair of surfaces (pial and white) representing the cortex, which initially are in the subject space and individual geometry. From this pair of surfaces, cortical thickness can be measured. From the same surfaces, area and volume can be measured. Finally, the coordinates of the vertices can be stored for subsequent use. The subject native surfaces are homeomorphically transformed to a sphere, registered to a spherical atlas, and used for the interpolation, which for thickness can be either nearest neighbour or barycentric, for area can be nearest neighbour, redistributive or pycnophylactic, and for the vertex coordinates can be barycentric. In the latter, the interpolation of coordinates allows the construction of a new retessellated surface in subject space, from which area can alternatively be measured. The interpolated quantities are then ready to undergo statistical analyses. See references in the main text.
during pregnancy. At birth, children with birth weight above the tenth percentile for gestational age from this sample were included as controls.
At age , a total of control subjects consented to participate and had 
. . Measurement of areal quantities
Areal quantities are measured in native space, i.e., before spherical transformation and registration. For the retessellation method, the measurement is made in native space after the surface has been reconstructed to a particular resolution; for nearest neighbour, redistributive, and pycnophylactic, measurement uses native space, with the original, subject-specific mesh geometry.
Cortical area. For a triangular face ABC of the surface representation, with Cortical volume. The conventional method for computing surface-based volume consists of computing the area at each vertex as above, then multiplying this value by the thickness at that vertex, in a procedure that leaves tissue under-or over-represented in gyri and sulci ( Figure ) . Instead, volumes can be computed using the three vertices that define a face in the white surface and the three matching vertices in the pial surface, defining an oblique truncated triangular pyramid, which in turn is perfectly subdivided into three tetrahedra. The volumes of these are computed analytically, summed, and assigned to each face of the surface representation, viz.:
. For a given face A w B w C w in the white surface, and its corresponding face A p B p C p in the pial surface, define an oblique truncated triangular pyramid.
. Split this truncated pyramid into three tetrahedra, defined as:
This division leaves no volume under-or over-represented.
. 
. . Spherical transformation
The white surface is homeomorphically transformed to a sphere (Fischl et al., b), thus keeping a one-to-one mapping between faces and vertices of the native geometry (white and pial) and the sphere. All these surfaces comprise triangular faces exclusively. Measurements of interest obtained from native geometry or in native space, such as area and thickness, are stored separately and are not affected by the transformation, nor by registration (see next step; see also the diagram in Figure ) .
. . Registration
Various strategies are available to place all surfaces in register and allow Nearest neighbour interpolation. The well known nearest neighbour interpolation does not guarantee preservation of areal quantities, although modifications can be introduced to render it approximately mass conservative: for each vertex in the target, the closest vertex is found in the source sphere, and the area from the source vertex is assigned to the target vertex; if a given source vertex maps to multiple target vertices, its area is divided between them so as to preserve the total area. If there are any source vertices that have not been represented in the target, for each one of these, the closest target vertex is located and the corresponding area from the source surface is incremented to any area already stored on it. This method ensures that total area remains unchanged after mapping onto the group surface. This process is a surface equivalent of Jacobian correction used in volume-based methods in that it accounts for stretches and shrinkages while preserving 
where x, y, z represent the coordinates of the triangular face ABC and of the interpolated point P , both in native geometry, and δ are the barycentric coordinates of P with respect to the same face after the spherical transformation. From the four methods considered in this chapter, this is the only one that does not directly interpolate either area or areal quantities, but the mesh in native space.
Redistribution of areas.
This method works by splitting the areal quantity present at each vertex in the source sphere using the proportion given by the barycentric coordinates of that vertex in relation to the face in the target sphere (common grid) on which it lies, redistributing these quantities to the three vertices that constitute that face in the target. If some quantity was already present in the target vertex (e.g., from other source vertices lying on the same target face), that quantity is incremented. The method is represented by:
where Q S vf is the areal quantity in the source vertex v, v ∈ {1, . . . , V f } lying on the target face f , f ∈ {1, . . . , F }, F being the number of faces that meet at the target vertex i, and δ ivf is the barycentric coordinate of v, lying on face f , and in relation to the target vertex i. This method has similarities with the conventional barycentric interpolation (as used for the interpolation of coordinates in the retesselation method). The key difference is that in the barycentric interpolation, it is the barycentric coordinates of the target vertex in relation to their containing source face that are used to weight the quantities, in a process that therefore is not mass conservative.
Here it is the barycentric coordinates of the source vertex in relation to their containing target face that are used; the quantities are split proportionately, and redistributed across target vertices.
Pycnophylactic interpolation. The ideal interpolation method should conserve the areal quantities globally, regionally and locally. In other words, the method has to be pycnophylactic. This is accomplished by assigning, to each face in the target sphere, the areal quantity of all overlapping faces from the source sphere, weighted by the fraction of overlap between them (Markoff and Shapiro, ; Winkler et al., ). The pycnophylactic method operates on the faces directly, not on vertices and the area (or any other areal quantity) is transferred from source to target surface via weighting by the overlapping area between any pairs of faces. The interpolated areal quantity, Q T i , of a face i in the target surface, that overlaps with F faces from the source surface, is given by:
where A S f is the area of the f -th overlapping face from the source sphere, which contains a quantity Q S f of some areal measurement (such as the surface area measured in the native space), and A O f is the overlapping area with the face i. 
. . Statistical analysis
The statistical analysis was performed using palm -Permutation Analy- . Results
. . Preservation of areal quantities
All methods preserve generally well the global amount of surface area, and therefore, of other areal quantities, at the highest resolution of the common grid (ic At the subject level, the spatial correlation between the nearest neighbour and the pycnophylactic method is only about . , although approaching unity when the subjects are averaged (Supplementary Material  § b) .
Smoothing leads to a dramatic improvement on agreement, causing nearest neighbour to be nearly indistinguishable from the pycnophylactic method.
The redistributive method performed in a similar manner, although with a higher correlation without smoothing, i.e., about .
(Supplementary Material § b). Figure : (page ) Pairwise average differences (in mm 2 ) and correlations between the four interpolation methods, using the ic as target, with or without smoothing with a Gaussian kernel of fwhm = mm, projected to the average white surface. Although the four methods differ, with some leading to substantial, undesirable losses and gains in surface area, and the introduction of noise manifested by lower correlations, the average variation was zero for nearest neighbour, redistributive and pycnophylactic. The retessellation method led to substantial losses of area that could not be recovered or compensated by blurring. Although this method showed excellent correlation with pycnophylactic, quantitative results after interpolation are biased downwards. For the medial views, for the right hemisphere, for ic and ic , and for projections to the pial and inflated surfaces, consult the Supplemental Material. 
. . Global measurements and their variability
Average global cortical area, thickness, and volume (using both methods) across subjects in the sample are shown in Table . Cortical volumes assessed with the multiplicative method are significantly higher (p < 0.0001) than using the analytic method. Variability for area is higher than for thickness, and even higher for volume: the average coefficient of variation across subjects (100·σ/µ) was, respectively, . %, . % and . %, after adjusting for group, age, and sex, with the parietal region (bilateral) being the most variable for all measurements. The corresponding spatial maps are shown in Figure ; for scatter and Bland-Altman plots, see Supplementary Material § .
. . Differences between vlbw and controls
Analysing cortical thickness and area separately, the comparisons between the vlbw subjects and the controls suggest a distinct pattern of sig- Figure : Average difference (in mm 3 ) between the two methods of assessing volume and their correlation (across subjects), using the highest resolution (ic ) as the interpolation target, projected to the average inflated surface. As predicated from Figure , differences are larger in the crowns of gyri and in the depths of sulci, with gains/losses in volume in these locations following opposite patterns. Although the correlations tend to be generally high, and increase with smoothing, they are lower in regions of higher inter-individual morphological variability, such as at the anterior end of the cuneus, and in the insular cortex. For ic and ic , and for projections to the white and pial surfaces, consult the Supplemental Material. 246268.9 ± 26416.7 247131.0 ± 26529.9 493399.9 ± 52855.7 Volume 
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Figure : Coefficient of variation (σ/µ) after regressing the variability due to age, sex, and group. The variability across subjects is higher for area than for thickness, and even higher for volume. In all cases, the parietal cortex (parietal) is the region with the highest variability. For projections to the white and pial surfaces, consult the Supplemental Material.
a significant bilateral reduction in the middle temporal gyrus, the superior banks of the lateral sulcus, and the occipito-temporal lateral ( 
. . Joint analysis via npc
Non-parametric combination of thickness and area provides information about patterns of group differences not visible in cortical volume analyses ( Figure , lower panels, light green background). In the present data, the Figure : (page ) Separate (light blue background) and joint (green) analysis of cortical area and thickness, as well as volume (red), using the ic resolution and smoothing with fwhm = mm. Analysis of area indicates no increases in the vlbw group anywhere in the cortex (a), and reductions in, among other regions, the subgenual region of the cingulate cortex (b). Analysis of thickness indicates that vlbw subjects have thicker cortex in the medial orbitofrontal cortex (c) and in the right medial occipital cortex, as well as diffuse bilateral thinning in parietal and middle temporal regions (d). Analysis of volume alone broadly mimics analysis of area, with no evidence of increased volume in vlbw subjects (e), although in some maps there seems to be a partial superimposition of the effects seen separately for area and thickness, with signs of bilaterally decreased volume throughout the parietal lobe (f), but contrary to the analysis of area, no signs of reduction in the subgenual cortex (g). Jointly analysing area and thickness gives equal weight to both measurements, and allows directional effects to be inferred. Contrary to the case for volume, it is possible to know that there is an increase in the amount of cortical tissue in vlbw subjects in the medial orbito-frontal cortex (h) when compared to controls, and a bilateral decrease throughout most of the parietal cortex, stronger in the middle temporal and fusiform gyri, in both hemispheres (i). Moreover, the joint analysis allows search for effects that can negate each other, such as in this case weaker effects in the parietal region (j), that partially overlap in space with those shown in (i). Finally, strong effects in the middle orbitofrontal, that were missed with simple volumes (g) become clearly visible (k). . Discussion
Area
. . Interpolation of areal quantities
The different resampling methods do not perform similarly in all settings. Nearest neighbour and redistributive require smoothing of at least fwhm = mm as used here in order to become comparable to, and interchangeable with, the pycnophylactic method. However, since data is usually smoothed in neuroimaging studies in order to improve the matching of homologies and to improve the signal-to-noise ratio, this is not a significant limitation. Retessellation, particularly at lower resolutions, leads to substantial areal losses that cannot be recovered even with smoothing. Moreover, the vertices of the retessellated surfaces are not guaranteed to lie at the tissue boundaries they represent, introducing uncertainties to the obtained measurements. Regarding speed, although the various implementations run on linear time, Θ(n), the pycnophylactic method has to perform a larger number of computations that may not pay off when compared with nearest neighbour, provided that smoothing is used.
. . Volumes improved, yet problematic
The large absolute difference between the product and the analytic method for cortical volume indicates that if interest lies in the actual values (for instance, for predictive models), the analytic method is to be preferred. The high correlation across subjects, however, suggests that, for group comparisons and similar analyses, both methods generally lead to similar results, except in a few regions of higher morphological inter-individual variability.
However, even in these cases, cortical volume is a poor choice of trait of interest. Even though volume encapsulates information on both area and thickness, research has suggested that the proportion in which the variability of these two measurements coalesces varies spatially across the cortical mantle (Winkler et al., ; Storsve et al., ) . Moreover, previous literature suggests that most of the between-subject variability of cortical volume, including that measured using vbm, can be explained by the variability of surface area (Voets et al., ; Lenroot et al., ; Winkler et al., ; Rimol et al., ) , whereas most of the within-subject variability can be explained by variability of cortical thickness (Storsve et al., ), thus rendering volume a largely redundant metric. In effect, the continuous cortical maps in Figure , resulting from a between-subject analysis, confirm that the results for cortical volume largely mirror the results for cortical surface area. .
. . Joint analyses via NPC
. Area and thickness of VLBW subjects
The reduced cortical surface area observed in vlbw subjects compared to controls replicates previous findings from the same cohort at years of age 
. . Limitations
Since npc is based on permutation tests, it is a requirement that the assumption of exchangeability holds, which can be a limitation when dependencies between observations cannot be fully accounted for by the model.
In addition, the method can be computationally intensive, particularly for large datasets, or datasets using high resolutions. Both problems can be solved, at least in particular cases: structured dependencies (such as when studying twins) can be accommodated using restricted permutation schemes (Winkler et al., ) , whereas permutation tests can be accelerated using various approximate or exact methods (Winkler et al., a) ; the latter was used in this particular analysis.
The present vlbw sample is medium-sized and it is possible that real but undetected group effects, including volume differences, would appear as significant in a larger sample. However, to the extent that cortical thickness and surface area go in opposite directions, e.g. increased thickness and reduced area in one of the groups, as observed in the medial anterior superior frontal gyrus and orbitofrontal cortex in the present sample, failure to detect group differences in cortical volume can be unrelated to statistical power issues.
. Conclusion
We studied the four extant interpolation methods for the assessment of cortical area, and observed that the nearest neighbour interpolation, followed by a Jacobian correction and smoothing, is virtually indistinguishable from the pycnophylactic method, albeit with reduced computational costs. This leads us to recommend, for practical purposes, the nearest neighbour method, with smoothing, when investigating cortical surface area. In addition, we demonstrate that the non-parametric combination of cortical thickness and area can be more informative than a simple analysis of cortical volume, even when the latter is assessed using the improved, analytic method that does not over or under-represent tissue according to the cortical convolutions.
Supplementary Material
The large number of scenarios evaluated, that involved two different registration and four different interpolation methods, three grid resolutions, two different smoothing levels, four 
